Brain wiring is remarkably precise, yet most neurons readily form synapses with 12 incorrect partners when given the opportunity. Dynamic axon-dendritic positioning can 13 restrict synaptogenic encounters, but the spatiotemporal interaction kinetics and their 14 regulation remain essentially unknown inside developing brains. Here we show that the 15 kinetics of axonal filopodia restrict synapse formation and partner choice for neurons that are 16 not otherwise prevented from making incorrect synapses. Using 4D imaging in developing 17 Drosophila brains, we show that filopodial kinetics are regulated by autophagy, a prevalent 18 degradation mechanism whose role in brain development remains poorly understood. With 19 surprising specificity, autophagosomes form in synaptogenic filopodia, followed by filopodial 20 collapse. Altered autophagic degradation of synaptic building material quantitatively 21 regulates synapse formation as shown by computational modeling and genetic experiments.
Introduction 28
Synapse formation and synaptic partner choice are based on molecular and cellular 29 interactions of neurons in all animals 1-5 . Brain wiring diagrams are highly reproducible, yet based on connectome data 15, 17, 37, 38 (Fig. 3d, e ). Mi1 and Mi4, for example, are part of the 146 motion-detection pathway, to which R7 is not known to provide input 39, 40 . Notably, the 147 number of individual neurons detected for these six ectopically connected neurons correlated 148 distinctly with the position of their presumptive dendritic trees: Mi1, C3 and C2 were most 149 often labeled and all three have presumptive dendrites in layers M1 and M5 (Fig. 3e, f) 41 ; 150 most ectopic R7 synapses were detected in layer M1, M5 and M6 (Fig. 2g) ; at the other end 151 of the spectrum, Mi8 and Tm1 were both 4-5fold less often detected and have presumptive 152 dendrites in layer M2 and M3, where we counted fewer ectopic synapses ( Fig. 2g and Fig. 3e,   153 f) 41 . These findings suggest that the postsynaptic neurons labeled by trans-Tango are 154 incorrect partners connected through axon-dendritic contacts with R7. To test whether these contacts are functional synapses, we next used the activity-159 dependent GRASP method (GFP reconstitution across synaptic partners), which is based on 160 trans-synaptic complementation of split GFP only when synaptic vesicle release occurs 42, 43 . 161 Based on available cell-specific driver lines and the underlying genetics, we could test three 162 of the ectopic pairs identified with trans-Tango: potential synapses between R7 and Mi1, C2 163 or Mi4. For all three cases, wild type neurons rarely showed isolated synaptic signals (Fig. 164 4a-c'). In contrast, atg6 mutant photoreceptors formed abundant synapses in all three cases 165 ( Fig. 4d-f') . These findings also indicate that the trans-Tango results were not due to an 166 effect of altered autophagy on the ectopically expressed proteins of the trans-Tango system. 167 We conclude that loss of autophagy in R7 photoreceptor terminals leads to ectopic synapse 168 formation with inappropriate postsynaptic neurons. 169 Taken together, we conclude that loss of autophagy in photoreceptors does not affect Autophagy modulates the stability of synaptogenic filopodia 176 To test when and where exactly autophagosomes function during synapse formation, 177 we performed live imaging experiments of autophagosome formation in developing R7 axon 178 terminals in developing brains. Autophagosomes have previously been shown to form at 179 axon terminals in vertebrate primary neuronal cell culture using the temporal series of 180 autophagosome maturation reporters Atg5-GFP (early) and Atg8-GFP (late) 44 . Surprisingly, 181 we found autophagosome formation based on these probes selectively at the rare, bulbous tips 182 of synaptogenic filopodia of R7 axon terminals, followed by filopodial collapse (Fig. 5a ;
We have recently shown that altered numbers of synaptogenic filopodia lead to 185 changes in synapse numbers 14 . We therefore tested the effects of a loss of autophagy on R7 186 axon terminal filopodial dynamics during synapse formation (developmental time point P60). 187 Both atg6 and atg7 mutants exhibited selectively increased lifetimes of the population of 188 long-lived axonal filopodia compared to wild type and atg6 rescued photoreceptors 189 ( Supplementary Fig. 4 ; Supplementary Table 1 ). Wild type axon terminals only formed 1-2 190 synaptogenic filopodia, as characterized by their bulbous tips, at any point in time (Fig. 5b, g), which previously led us to propose a serial synapse formation process that slowly spreads filopodia, almost all supernumerary bulbous tips were stable for more than 40 minutes (Fig. 196 5g). Increased autophagy in atg6 rescued mutant photoreceptors reversed this effect and lead 197 to a significant reduction and destabilization of synaptogenic filopodia 198 Supplementary Movie 3). Consistent with selective autophagosome formation in 199 synaptogenic filopodia tips, the changes to filopodial dynamics were remarkably specific to 200 long-lived, synaptogenic filopodia Supplementary Fig. 4 ; Supplementary Table 1) .
201
In sum, analyses of R7 axon terminal dynamics during synapse formation in the intact brain 202 revealed autophagosome formation in synaptogenic filopodia and a specific effect of 203 autophagy function on the kinetics and stability of these filopodia. Next we asked whether the observed changes to the kinetics of synaptogenic filopodia 208 are sufficient to quantitatively explain changes in synapse formation throughout the second 209 half of fly brain development. We first counted the numbers of overall filopodia, bulbous tip 210 filopodia and synapses at time points every ten hours between P40 and P100 in fixed 211 preparations ( Fig. 6a-c ). Compared to control, loss of atg6 or atg7 in photoreceptors led to 212 mild increases in overall filopodia, while leaving the rates of change largely unaltered 213 between time points (Fig. 6a ). In contrast, numbers of synaptogenic bulbous tip filopodia are 214 increased 2-fold throughout the main period of synapse formation (P60-P80; Fig. 6b ; 215 Supplementary Fig. 5 ). Synapse numbers, based on presynaptic Brp short labeling, commences 216 indistinguishably from wild type, but then increases at a higher rate throughout brain 217 development ( Fig. 6c ).
218
We previously developed a data-driven Markov state model that predicts the slow, Degradation of synaptic building material through autophagy modulates filopodia 233 kinetics and synapse formation 234 We have previously shown that the early synaptic seeding factors Syd1 and Liprin-α 235 are allocated to only 1-2 filopodia at any given time point and that their loss leads to the 236 destabilization of synaptogenic filopodia and a loss of synapses 14 . Autophagy is a protein 237 degradation pathway that affects filopodia stability in opposite ways in loss-versus gain-of-238 function experiments. We therefore hypothesized that autophagic degradation may directly 239 regulate the availability of synaptic building material in filopodia. We first tested this idea 240 using a second Markov state model that simulates the stabilization of filopodia as a function 241 of seeding factor accumulation and degradation on short time scales ( Fig. 6g and 242 Supplementary Fig. 6a ). In this 'winner-takes-all' model, synaptic seeding factors are a 243 limiting resources in filopodia that increase filopodia lifetime, which in turn increases the was increased compared to control and conversely increased autophagic activity led to a 254 decreased lifespan of filopodia as measured ( Supplementary Fig. 4 and Supplementary Table   255 1). Hence, the mechanistic model predicts that modulation of autophagy affects the 256 degradation and availability of synaptic seeding factors. This primary defect causes 257 secondary changes to filopodial kinetics and synapse formation.
258
To validate the primary defect, we expressed GFP-tagged versions of the synaptic Drosophila R1-R6 photoreceptors has shown that autophagosomes formed at axon terminals traffic retrogradely to the cell body 29, 44 . We therefore analyzed photoreceptor cell bodies and 267 found large Atg8-positive multivesicular bodies containing Syd-1 ( Supplementary Fig. 7d-e ).
268
Together, these findings indicate that autophagy controls the amount of synaptic seeding 269 factors in filopodia, thereby affecting their stability and potential to form synapses. To distinguish between these two models, we quantified the relative increases of all 283 filopodia, synaptogenic filopodia, and synapses along the R7 axon terminal in medulla layers 284 M1-M6 ( Fig. 7a-d ). Loss of either atg6 or atg7 increases the absolute numbers of 285 synaptogenic filopodia and synapses in all medulla layers equally approximately 1.5-fold 286 (dotted lines in Fig. 7b-d) . As a result, the relative levels of synaptogenic filopodia and 287 synapses between layers M1-M6 remain the same as in wild type (solid lines in Fig. 7b-d ).
288
These data indicate that autophagy is not differentially triggered in filopodia in specific 289 medulla layers. Instead, loss of autophagy equally increases the stability of synaptogenic 290 filopodia across the R7 terminal, resulting in the stabilization of only few filopodia in layers 291 with low baseline filopodial activity, and more pronounced increases in layers with higher 292 baseline filopodial activity. Conversely, destabilization of filopodia along the entire R7 axon 293 terminal in wild type effectively excludes synapse formation in layers with few filopodia, e.g.
294
in layer M2 ( Fig. 7a-d ). We conclude that autophagy levels set a threshold for kinetic 295 restriction across the R7 axon terminal.
296
The threshold for kinetic restriction effectively excludes synapse formation with at 297 least six potential postsynaptic partners that are not otherwise prevented from forming 298 synapses with R7 ( Fig. 7e ). We note that the localization of the presumptive dendritic trees of 299 these six neuron types correlates well with the probabilities to be incorrectly recruited as 300 postsynaptic partners ( Fig. 3f and Fig. 7e ). We speculate that specificity arises through a 
327
Here we have shown that positional effects do not only depend on when and where neuronal 328 processes can be seen in fixed preparations, but are a function of their dynamics and 329 stabilization kinetics. Hence, synaptic specificity can emerge from the context-dependent 330 combination of molecular interactions with a cell biological mechanism like autophagy, that 331 by itself carries no synaptic specificity information. We speculate that different nenal 332 thresholds for kinetic restriction can critically contribute to sharpen specificity as part of the 333 brain's developmental growth program.
335
A role for developmental autophagy in synapse formation and brain wiring 336 Our data support the idea that autophagy indiscriminately destabilizes R7 337 synaptogenic filopodia in a manner consistent with the local degradation of a limiting 338 resource of proteins required for synapse formation. Specificity of autophagic degradation 339 can be triggered through interactions with proteins that themselves serve as cargo or restrict 340 the time and place where potentially less specific engulfment occurs 19, 45, 46 . The bulbous tips 341 of synaptogenic filopodia are a small space that may be easily destabilized through autophagic 342 engulfment of proteins and other cargo, even if that engulfment were to occur in a non-selective manner. We therefore propose that putative cargo-specificity of autophagy may not 344 be a prerequisite for the developmental function of autophagy described here. 345 We have previously shown that spatiotemporally regulated membrane receptor 346 degradation is required for synapse-specific wiring in the Drosophila visual system 50 . In 347 order for degradation of receptors or synaptic seeding factors to serve as regulators of 348 spatiotemporal specificity, the degraded proteins must undergo continuous turnover.
349
Specificity therefore arises through a combination of developmentally regulated protein 350 synthesis, trafficking and degradation, which are likely to differ for different proteins and 351 neurons at different points in time and space.
352
Based on this combinatorial model for specificity, we speculate that many mutations 353 and single nucleotide polymorphisms in the genome can result in small cell biological 354 changes that differentially affect neurons during brain wiring. -type (a-a'), atg7 mutant (b-b'), atg6 mutant (c-c') , and atg6, Newly-hatched (0-day old) adult flies were collected and glued on slides using nontoxic 788 school glue. Flies were exposed to alternating 1s "on" 2s "off" light stimulus provided by Editor as spreadsheets for further data analysis.
852
Mathematical modeling 854 We adopted the data-driven stochastic model from 14 . In short, the model structure remained 855 identical, while we estimated genotype-specific parameters from the live imaging data 856 presented in this manuscript (Figure 5b -e; Supplementary Movie 3; Table S2 ). In brief, we 857 modelled synapses (S), short-lived transient bulbous tips (sB) that appeared and disappeared 858 within the 60 minutes imaging interval and stable synaptogenic bulbous tips (synB) that 859 persisted for more than 40 minutes. We also modelled two types of filopodia, which are 860 distinguished by their lifetime and were denoted short-lived-(sF) and long-lived (F) filopodia.
861
The model's reaction stoichiometries are determined by the following reaction scheme: Note that in R 3 we denote by F any filopodium (short-lived and long-lived) and in R 4 we have 869 ignored the flux back into the filopodia compartment + ℓ as it insignificantly affects the 870 number number of filopodia (small number of bulbous tips, small rate r 4 ).
871
Similar to the published model 14 , reaction rates/propensities of the stochastic model are given with coefficients p 5 = −2.97 · 10 −14 , p 4 = 3.31 · 10 −13 , p 3 = −1.29 · 10 −9 , p 2 = 2.06 · 10 −6 , p 1 = 886 −1.45 · 10 −3 and p 0 = 1 that down-regulates the generation of new filopodia at a slow time 887 scale. Note, that t denotes the time in (min) after P40 (e.g. t P40 = 0 and t P60 = 60*20).
888
Parameter estimation. Using the methods explained below, we derived the parameters 889 depicted in Table S2 . We first estimated , , ,ℓ from the filopodial lifetime data, whereby 890 , was approximated as the inverse of the lifetimes of all filopodia that lived less than 8 891 minutes and ,ℓ from all filopodia living at least 8 minutes. We realized that the number of 892 filopodia per time instance was Poisson distributed ( Supplementary Fig. 4, solid Next, we investigated the lifetimes of bulbous tip filopodia ( Supplementary Fig. 6b-e ). We 899 realized that akin to the wild type, the atg6 and atg7 exhibited almost no transient bulbous 900 tips. We therefore set = 1/120 (min -1 ) according to the published model 54 . Furthermore,
901
we determined from the steepest slope in Fig. 6c (control data) divided by the average number of Bulbs (5 ≈ ( ) = ( ) • ⇒ ≈ . • • = 1/133 903 min -1 ). We then estimated the three parameters c 5 , B 50 and r 3 (t) for t = P60. To do so, we used 904 the number distribution of short-lived and synaptogenic bulbous tips (Figure 5f with diagonal elements such that the row sum equals 0. increased seeding factor abundance. We adopted the mechanistic model from 14 . This 924 model essentially assumes a dynamic pool of a limited resource of bulbous-tip stabilizing 925 factors ( Fig. 6g; Supplementary Fig. 6a) 2.4 (1.6) 2.2 (1.9) 20 (15) 5.6 (2.6) atg6, GMR>Atg6 2.2 (1.7)
2.9 (1.9) 13 (7) 1.4 (0.84) 1161 Table S1 : Lifetimes (min) and average numbers of short-and long-lived filopodia at P60.
1162
Mean ± (standard deviation). Number distributions are shown in Supplementary Fig. 4 . Table S2 : Measured average rates of the data-driven model at P60. The denotation is taken from the original model in Figure 3A of 14 and refer to the following filopodial transitions:
Filopodia ←
